Introduction
Conventional activated sludge systems can be modified to substantially improve elimination of nutrients. Low effluent phosphorus (P) concentration is achieved by enhanced biological phosphorus removal (EBPR) without the need for chemical P precipitation. Activated sludge has to be exposed to alternating anaerobic and aerobic conditions in order to enrich polyphosphate accumulating organisms (PAOs), which in turn take up large amounts of P (in excess of metabolic demand for cell biosynthesis) and accumulate it as intracellular granules of polyphosphate (poly-P).
The sludge from EBPR systems exhibit characteristic transformations of poly-β-hydroxyalkanoates (PHAs), poly-P and glycogen during the wastewater treatment process. Under anaerobic conditions, where organic substances are available in bulk liquid (feast conditions), PAOs take up volatile fatty acids (VFAs) and store them as PHAs. PAOs obtain energy for this purpose from the cleavage of the internally stored poly-P, while the reducing power for PHA synthesis is provided mostly by the hydrolysis of intracellular glycogen. It results in a release of inorganic phosphorus (P i ) into bulk liquid, an increase in internally stored PHAs, and a decrease of the intracellular glycogen pool. Under subsequent aerobic conditions (famine conditions) PAOs use the stored PHAs as the intracellular carbon and source of energy for cell growth, for an uptake of P i and synthesis of poly-P, as well as for replenishment of the pool of glycogen. Extracellular P i concentrations fall, along with PHA content, while intracellular pools of glycogen and poly-P increase. PAOs accumulate P i in excess of the anaerobic P i release (luxury uptake over metabolic demand) and it results in efficient P removal through sludge wastage at the end of the aerobic period.
The alternating anaerobic-aerobic and feastfamine phases give PAOs a selective advantage in VFAs uptake over ordinary aerobic heterotrophs that are unable to take up organic substrates in these unfavourable conditions. However, EBPR systems are notorious for their unreliable performance [1] . Deterioration of both lab-and full-scale EBPR reactors, even under conditions seemingly favourable for PAOs, and sudden reductions in phosphorus removal efficiency for unknown reasons have been reported [1] [2] [3] [4] [5] [6] . Glycogen accumulating organisms (GAOs) are often associated with sudden breakdowns of EBPR systems by outcompeting PAOs for volatile fatty acids. GAOs are also capable of taking up fatty acids in the absence of oxygen and storing them as PHAs, but they use glycogen as a source of energy instead of poly-P. For this reason GAO-enriched sludge displays profiles of glycogen and extracellular P i that are different from PAO-enriched cultures. Under anaerobic conditions there is a substantial decline of the intracellular glycogen content, while P i release does not occur. In a subsequent aerobic phase, GAOs synthesize large amounts of glycogen but the concentration of extracellular P i does not decrease significantly, as GAOs do not accumulate poly-P. Therefore, the anaerobic P i release to organic carbon uptake ratio (P rel /C upt ) can be used to measure the relative populations of PAOs and GAOs [7] . The lower the P rel /C upt ratio, the higher is the proportion of GAOs in the sludge because less P i is released while significant amounts of VFAs are used by GAOs to replenish PHA pool.
There are many reports of a different phylogeny of bacteria dominating deteriorated EBPR systems and no single microbial group is primarily detrimental to P removal ability [3] . Cech and Hartman [8] observed that cocci-shaped cells arranged in tetrads, so-called tetrad-forming organisms (TFOs), were abundant in a deteriorated reactor without P i release. TFOs, initially called "G bacteria" (after the reactor labelled "G"), accumulated polysaccharides instead of poly-P in aerobic conditions. When culture-independent techniques were implemented, it was found that large coccobacillus-shaped Candidatus Competibacter phosphatis [9, 10] in the Gammaproteobacteria (hereafter referred to as Competibacter or GB-GAO), and Defluviicoccus-related species (Dv-GAO) in the Alphaproteobacteria [11, 12] , are the most frequently reported GAOs in both lab-scale and full-scale deteriorated EBPR reactors. There is a distinct differentiation within the GAOs; GB-GAOs are composed of at least seven sub-groups [9] , while DvGAOs comprise four clusters [13, 14] .
The most well-known PAO is Candidatus Accumulibacter phosphatis in the Betaproteobacteria subclass 2 closely related to Rhodocyclus (hereafter referred to as Accumulibacter or R-PAO), consisting of two distinct types that each include a few subclades [15, 16] . Members of the actinobacterial genus Tetrasphaera were shown to actively participate in EBPR and often are even more abundant in fullscale wastewater treatment plants (WWTPs) than Accumulibacter [17] [18] [19] . However, Tetrasphaera only partially conforms to a PAO phenotype; it takes up P i and stores it as poly-P aerobically, but generally it cannot take up VFAs and does not store PHAs. Therefore, Tetrasphaera-related PAOs (T-PAOs) are called putative PAOs. Nguyen et al. [18] showed that there is a high diversity (three clades) and abundance of T-PAOs in EBPR systems and some sub-lineages of T-PAOs can consume acetate.
There are many published articles that report investigations of the role of operational parameters (dissolved oxygen concentration, C/P ratio in influent, temperature, anaerobic and aerobic contact times) in affecting EBPR performance [6, [20] [21] [22] . Unfortunately, when they do not include a structure-function analysis of changes in microbial communities, their importance and applicability are reduced. Lack of understanding of the EBPR microbiology means that the process design and WWTP operation is mainly empirical. The stability of EBPR systems (i.e. resilience and resistance) is highly dependent on biodiversity and functional redundancy in activated sludge as the microbial ecosystem [19, [22] [23] [24] [25] . In order to find reasons for system failures it is necessary to understand the relationships between the process performance and the microbial community structure. The example of Acinetobacter, which for a long time was incorrectly assumed to be a primary PAO, shows that only cultureindependent molecular techniques should be used to examine the sludge composition in EBPR systems [26] . For successful operation of WWTPs with EBPR it is important to identify which physiological groups are present in the sludge. On the other hand, efficient P removal depends on synergistic interactions of PAOs with other microorganisms [19] , so a holistic approach should be applied and the activated sludge ecosystem examined as a whole [3] .
Most experiments have been carried out with highly enriched PAO (or GAO) cultures in lab-scale reactors fed with a single carbon source, typically acetate or propionate [11, 12, [27] [28] [29] [30] [31] [32] [33] [34] . In the current study a mixture of organic substrates was used to provide a higher diversity of substrates in the influent. We exploited the recent knowledge of PAOs and GAOs identities to determine their presence and abundance and the structure of the microbial community in a deteriorated lab-scale EBPR reactor.
Experimental Procedures

Reactor operation and wastewater
A lab-scale sequencing batch reactor (SBR) with a working volume of 6.9 l was inoculated with activated sludge from a local full-scale WWTP in Błonie (close to Warsaw, Poland). The full-scale WWTP was operated with a University of Cape Town (UCT) process configuration, and it received wastewater with high content of organic matter (domestic wastewater and wastewater from the food industry). An average influent had chemical oxygen demand (COD) of 1200 mg O 2 l -1 and a total P of 25 mg l -1 . The plant treated wastewater corresponding to 64 000 population equivalent and performed efficient EBPR (all data provided by the plant operator).
The lab-scale SBR was operated for nearly six months for the enrichment of PAOs with four 6 h cycles per day. Each SBR cycle consisted of an anoxic/ anaerobic period of 90 min (including 10 min of filling), an aerobic period of 225 min, a settling period of 30 min and a decantation period (half of the working volume) of 15 min. This resulted in a 6 h cycle and a hydraulic retention time (HRT) of 12 h. When concentrations of extracellular P i and dissolved organic carbon (DOC) were measured, the anaerobic period was extended to 180 min to obtain complete profiles of P i and DOC. At the end of the aerobic period the excess sludge was withdrawn once a day as mixed liquor to maintain solids retention time (SRT) of 8-11 days and mixed liquor suspended solids (MLSS) of 3.1-3.6 g l -1 . The dissolved oxygen concentration was maintained at 2-5 mg l -1 during the aerobic period, while during the anoxic/anaerobic phase the reactor content was mechanically stirred (40 rpm [35] . Chemical oxygen demand (COD) and orthophosphate (PO 4 -P) concentration in the feed was 608 mg O 2 l -1 and 17 mg P l -1 , respectively, resulting in a COD/P ratio of 35:1 (or DOC/P ratio of 12:1 mgC/mgP). The reactor was operated without pH control. Bond et al. [36] and Levantesi et al. [37] showed that the efficiency and stability of P removal in lab-scale SBRs can be markedly improved after switching off the system of pH adjustment. Operation of the reactor without pH control results in fluctuations in pH throughout the SBR cycle and the system becomes more stable and resistant to perturbations. A rise in pH during the anaerobic period promotes anaerobic phosphate release and possibly selects against non-PAOs. It consequently leads to the improvement of EBPR when compared to operation with pH control.
Analytical methods
DOC was measured by a TOC analyzer TOC-5000 (Shimadzu, Japan). Soluble orthophosphate (PO 4 -P) and COD were determined by the molybdovanadate and dichromate methods, respectively [38] . Prior to analyses the samples were filtrated through 0.45 µm pore size filters. MLSS weight was determined at the end of the aerobic periods in accordance with standard methods [38] .
Fluorescence in situ hybridization (FISH)
FISH procedures, which were applied for quantification of the microbial communities, were performed as detailed in Nielsen et al. [39] . Activated sludge samples from the SBR were fixed in paraformaldehyde or in ethanol for Gramnegative and Gram-positive bacteria, respectively. When required, permeabilisation of the cells was applied to improve the penetrability of oligonucleotide probes, using lysozyme (360 000 U/ml), achromopeptidase (60 U/ml) and 0.1 M HCl solutions. The 6-Fam labelled EUBmix probe (equimolar mixture of EUB338, EUB338II, and EUB338III) was used to target the entire bacterial community [40, 41] . The ALF 968 probe targeting Alphaproteobacteria [42] , BET42a targeting Betaproteobacteria [43] , GAM42a targeting Gammaproteobacteria [43] , DELTA495a targeting Deltaproteobacteria [44] , HGC69a targeting Actinobacteria [45] , DF1mix (equimolar mixture of TFO_DF218 and TFO_DF618) targeting Defluviicoccus vanus related TFOs Cluster 1 (Dv1-GAO) [12] , DF2mix (equimolar mixture of DF988 and DF1020) targeting Defluviicoccus vanus related TFOs Cluster 2 (Dv2-GAO) [11] , PAOmix (equimolar concentration of PAO462, PAO651 and PAO846) targeting most Accumulibacter (R-PAO) [46] and GB targeting most Competibacter (GB-GAO) [9] were labelled with Cy3. When necessary, the probes were used in combination with their corresponding unlabelled competitors and/or helper probes.
Twenty separate images for each probe used were captured with a Nikon Eclipse 50i microscope. The fluorescence intensities of bacteria cells were evaluated by image analysis using ImageJ software [47] . The pixel area of the cells positive with the specific probe was quantified as a percentage of the pixel area for all bacteria positive with the EUBmix probe. The percentage abundance of a specific bacteria was then expressed as the mean of 20 separate measurements. The standard error of the mean (SE) was calculated as the standard deviation of the percentage abundance of a specific bacteria divided by the square root of 20 measurements.
Results
The SBR was operated for nearly six months and fed with the synthetic complex wastewater containing different substrates -acetate, glucose, peptone, urea and starch. During the first 40 days a high level of P removal was achieved (above 97%), resulting in a low PO 4 -P concentration (below 0.8 mg l -1 ) in the effluent ( Figure 1 ). A considerably high P i release and DOC uptake ratio implied high PAO activity during this period ( Figure 2 ). The ratio P rel /C upt determined on Day 1 of the experiment was 0.28 P-mol C-mol -1 . The FISH analyses revealed that most bacteria detected in the sludge in this period belonged to Betaprotebacteria (18%) and Actinobacteria (11%), while Gammaproteobacteria and Deltaproteobacteria accounted only for 2.6% and 5.8%, respectively ( Figure 3A ). R-PAOs, targeted by the PAOmix probe, constituted nearly 40% of Betaprotebacteria (i.e. 6.6% of the total biovolume), whereas GB-GAOs, hybridizing with the GB probe, formed a minor fraction of Gammaproteobacteria (0.5% of all bacteria). Neither Dv1-GAOs nor Dv2-GAOs were detected among Alphaproteobacteria that accounted for less than 2% of all bacteria in the sludge. However, the oligonucleotide probes used in the current study covered only about 40% of all bacteria hybridizing with the EUBmix probe. It implies that other groups of microoorganisms, like Bacteroidetes or Chloroflexi, can constitute the microbial community of the sludge during the first period of the SBR operation. After 40 days of successful operation of the SBR a sudden deterioration in EBPR efficiency occurred despite no operational error. No changes to the reactor operation were made during this period, however, a significant continuous increase (from 0.6 to 6.4 mg PO 4 -P l -1 on Days 40 and 65, respectively) of P i concentration in the effluent was observed (Figure 1) . A slight improvement of EBPR appeared between Days 65 and 89, nevertheless after Day 89 the P removal efficiency started to decrease gradually again, leading to almost complete collapse of the SBR. The anaerobic cycle study, carried out on a Day 145, showed transition between the PAO and GAO phenotypes in the SBR (Figure 2) . The high concentration of P i in the effluent was associated with significantly lower P i release in the anaerobic period when compared to the corresponding release on a Day 1, whereas the organic carbon uptake rate was higher within the first 50 min. It yielded a distinctly lower P rel /C upt ratio (0.06 P-mol C-mol -1 ) and resulted in a clear GAO phenotype of the SBR. It coincided with distinct changes in the microbial community structure of the sludge as revealed by FISH analyses ( Figure 3B ). Most detected bacteria belonged to Gammaproteobacteria (22%), Betaprotebacteria (19%) and Alphaproteobacteria (10%). There was also a population shift from PAOs to GAOs; the R-PAOs abundance decreased from 6.6% on Day 1 to 2.2% on Day 160, whereas the percentage of GB-GAOs rose considerably and accounted for nearly 40% of Gammaproteobacteria (8.8% of the total biovolume). Furthermore, Dv1-GAOs and Dv2-GAOs appeared within Alphaproteobacteria and constituted 3.5% and 2.7% of all bacteria, respectively. It should be noted that among Alphaproteobacteria mostly TFOs were present, which are often associated with EBPR deterioration [8, 11, 12, 27, 48] . Interestingly, significantly less bacteria (34% of the EUBmix hybridized cells) was not covered by the oligonucleotide probes used in the current study, when compared to the 61% of bacteria that did not hybridize with the specific probes at the beginning of the experiment.
Discussion
Wastewater composition
EBPR systems are operated under specific conditions that select for the wanted microbes -PAOs. Among numerous key wastewater and operational parameters that affect successful P removal, there are the circulation of activated sludge through anaerobic and aerobic phases, presence of easily available organic substances (primarily VFAs) in the anaerobic phase, optimal COD/P ratio in the influent, pH and temperature [1, 4, 21] . The performance of EBPR systems depends on the competition of PAOs with GAOs, so it is desirable to minimise the growth of the latter in reactors [33] . Most research is carried out in lab-scale SBRs fed with a single carbon source, usually acetate or propionate [10, 12, [27] [28] [29] [30] [31] [32] 49] . Due to the nature of these experiments conducted with highly enriched cultures, key aspects of PAO and GAO ecophysiology and their competition in full-scale systems need elucidation. The variety of substrates in wastewater treated in full-scale systems is a key factor that influences not only selection of PAOs and GAOs, but also so-called "flanking communities", which are involved in hydrolysis and fermentation. These microorganisms are of great importance to the overall EBPR process because they convert insoluble substances, present in real wastewater and which cannot be directly taken up by PAOs in an anaerobic tank, into soluble and readily biodegradable substrates [19] . The current study was therefore carried out in a lab-scale reactor fed with complex wastewater in order to at least mimic the complexity of substrates in real sewage. Apart from acetate, which is widely reported as a favourite source of carbon for PAOs, the synthetic feed contained peptone, glucose, starch and urea. However, acetate is limited in real wastewater, because it is promptly transformed into biomass already in the sewer systems [19] . The additional constituents of the feed are thought to support growth of other microbes in activated sludge community, like hydrolysers and fermenters, which are essential for PAO development in full-scale EBPR systems. These flanking communities hydrolyse and convert macromolecules and insoluble substances into soluble amino acids and VFAs, which are easily available to PAOs.
Acetate can be anaerobically taken up by both R-PAOs and GB-GAOs at similar rates [30, 33] . Other physiological similarities between these two groups also indicate an overlay of ecological niches, but Accumulibacter and Competibacter coexist very often for other unresolved factors in full-scale plants with efficient EBPR [7, 50] . On the other hand, there are many reports of the sudden deterioration of labscale systems fed with acetate due to the probable dominance of GB-GAOs over R-PAOs [10, 30, 33] . Other studies showed that Competibacter takes up propionate less efficiently than Accumulibacter and this substrate can be used to successfully outcompete GB-GAOs [31, 33] . Accumulibacter possesses similar preferences toward acetate and propionate uptake [32] and is more adaptable to changes in the carbon source in comparison to Competibacter [31] . On this basis Lu et al. [29] proposed that R-PAOs can be highly enriched (above 90%) in lab-scale reactors by alternating the sole carbon source in the feed between acetate and propionate every 1-2 SRT. This strategy seems to be less effective in the case of Dv-GAOs (detected in the current study in the sludge displaying the GAO phenotype), since alphaproteobacterial GAOs, despite their preference towards propionate, can readily switch between acetate and propionate with no need for acclimation [27] .
Glucose was used in the current study despite reports of the failure of lab-scale reactors fed with this substrate [8, 34] . Relatively high concentrations of glucose may induce the proliferation of TFOs that are associated with the deterioration of EBPR systems, because this substrate can replace internally stored glycogen and serve as the energy source (instead of poly-P) and reducing power for PHA accumulation [4] . However, Competibacter is unable to assimilate glucose directly and relies on the consumption of glucose fermentation products [50] . In contrast, glucose can be directly taken up by alphaproteobacterial Dv-GAOs [48] , which were also found in the sludge after deterioration of the SBR in the current study (to be discussed later in more detail). On the other hand, actinobacterial genus Tetrasphaera (some clades of Tetrasphaera are T-PAOs) was shown to actively take up glucose [18] and high GC Gram-positive Actinobacteria, targeted by probe HGC69a, were detected in significant numbers (6.4-11% of all bacteria) within our research. Some studies, reviewed by Gebremariam et al. [3] , showed glucose-induced P removal when this sugar was used as a single carbon source, but the process was not always stable. However, equal concentrations of glucose and acetate in wastewater distinctly improved EBPR when compared to using acetate alone, so we decided to include glucose in the feed of the SBR along with starch, as most starch-hydrolysing organisms in activated sludge belong to T-PAOs [19] .
Changes in wastewater composition can very quickly affect the microbial composition of the sludge in EBPR systems, so the presence of specific organics is an important controlling factor [19] . Even in laboratory conditions, complex feed can significantly change the microbial community composition. Greater diversity, close to that seen in full-scale WWTPs, was detected in the SBR fed with complex wastewater containing a mixture of organic substrates, than in the reactor receiving only acetate [51] . Microbial diversity in labscale reactors fed with a single carbon source is rather narrow as a result of the consistent long-term selective pressures [37] , so in our research we decided in favour of a more complex feed.
C/P ratio in influent
It is well known that a high COD/P ratio (above 50 mg COD mg -1 P) in wastewater is highly detrimental to EBPR as this promotes the growth of GAOs [4, 21, 28, 29] , but the COD must have a sufficient portion of VFAs or readily biodegradable COD to achieve efficient P removal [3, 4, 21] . The COD/P ratio in the influent in the current study was 35 and resulted in a DOC/P ratio of 12.
Levantesi et al. [37] operated a lab-scale SBR for over four years, showing efficient EBPR capacity with a similar COD/P ratio of 36. When Kong et al. [28] fed a lab-scale SBR with acetate and a C/P ratio of 10 (close to the ratio examined in our research), the sludge was dominated by Betaprotebacteria (77% as revealed by FISH analysis) and P was totally removed from wastewater microbiologically. However, when the C/P ratio was increased to 50:1, the percentage of Betaprotebacteria fell to 38%. There was also a corresponding increase in the proportion of Alphaprotebacteria (from 14% to 49%) and Gammaprotebacteria (from 1% to 8%) as well as a reduction in the percentage of R-PAO and biomass P content. Both Alphaprotebacteria and Gammaprotebacteria consisted mainly of TFOs with the "G bacteria" morphotype. In the current study the shift in the microbial structure (a significant increase in the percentage of Alphaprotebacteria and Gammaprotebacteria from 1.8% to 10% and 2.6% to 22%, respectively) took place despite the same operational conditions being imposed throughout the experiment and a constant DOC/P=12 in the feed. The changes coincided with the almost complete collapse of EBPR and the presence of TFOs in the deteriorated sludge (identified as Dv-GAOs, above 6% of total biovolume).
Numerous studies by Flowers et al. [52] , He et al. [15, 53] and Oehmen et al. [30, 31, 33] have found that lower COD/P ratios of 10-15 should be used for successful enrichment (>80% of all bacteria) of Accumulibacter in lab-scale reactors. However, there are some contradicting studies which indicate that low C/P ratios are not sufficient for outcompeting GAOs nor achieving low phosphorus effluent even in lab-scale optimal conditions. Nielsen et al. [10] operated a labscale SBR fed with acetate and high levels of P i (C/P ratio of 12.5) in influent to enrich PAOs, but the reactor showed limited EBPR, probably due to the considerable percentage (35%) of GB-GAOs. Alphaproteobacterial Dv-GAOs developed in a lab-scale anaerobic-aerobic membrane reactor (>70% of cells hybridized with the DF1mix probe), which was fed with acetate at a relatively low C/P ratio of 10 and showed no obvious P i release and uptake [12] . Despite the high level of P in the influent of two SBRs fed with acetate (with a COD/P ratio of 10, above three times lower than the ratio used in the present study), Competibacter was present in significant abundance (22-24% of all bacteria) in the reactors [31] ; however, both SBRs displayed the characteristic PAO phenotype. When the P concentration in the feed was lowered (COD ratio of 200:1 and 400:1 for acetate and propionate, respectively), it resulted in a high enrichment of Competibacter and Alphaprotebacteria (53% and 96% of all bacteria, acetate and propionate in the feed, respectively). Fukushima et al. [2] operated SBRs fed with acetate or glucose at relatively low C/P ratios of 9 and 12.5, respectively. Both reactors failed to efficiently remove P after the effective EBPR period -a similar finding to that obtained in the current study. The percentages of R-PAOs in the acetate-and glucose-fed reactors dropped from 30% to 5% and from 20% to nearly 0%, respectively. Nine lab-scale continuous flow reactors were run by Satoh et al. [6] under similar, favourable for EBPR, conditions with DOC/P ratios between 13-17. While sometimes effective EBPR was observed, other reactors showed deterioration patterns classified by the authors into four types. To further complicate matters, some research reviewed by Gebremariam et al. [3] and Mulkerrins et al. [21] hypothesized that COD/P or BOD 5 /P ratios in raw wastewater higher than 40 or 20, respectively, are generally required to achieve low P concentrations in the effluent and high EBPR stability. Consequently, clear general principles concerning the C/P ratio, which could be applicable and followed in all cases for efficient EBPR, are hard to find given the abundance of contradictory and inconsistent literature data.
Anaerobic Prel/Cupt ratio
The P rel /C upt ratio is influenced by many factors, such as pH, source of carbon and temperature. Nevertheless, it is clear that the abundance of PAOs and GAOs has a strong effect on this parameter. The relative activity of PAOs and GAOs can be estimated on the basis of an analysis of P i release and C uptake rates [4, 7] . The P rel /C upt ratio, which was determined in the current study on Day 1 as equal to 0.28 P-mol C-mol -1 , is quite low when compared to the values reported in the literature [4, 29, 54] for Accumulibacter and acetate (0.30-0.75 P-mol C-mol -1 ) or propionate (0.35-0.45 P-mol C-mol -1 ). However, these cited values were determined for reactors fed with a single VFA (acetate or propionate), whereas in the current study, the feed included a mixture of more complex organic substrates and not just acetate. Levantesi et al. [37] used a combination of VFAs (acetate, propionate and butyrate) as influent for a SBR and it yielded a low P rel /C upt ratio of 0.35 as well; the authors showed that the longer the VFA chain, the slower is the uptake rate. Therefore all these values cannot be directly compared with each other; however, the changes in the P rel /C upt ratio observed within the current study suggest a shift from the PAO phenotype to the GAO phenotype. In the second phase of the experiment low P i release was observed and higher DOC uptake, suggesting high GAO activity. It resulted in a P rel /C upt ratio of 0.06, which is in the range of values (0.02-0.13) reported for reactors with a high abundance of GAOs [4, 29] . Saunders et al. [7] demonstrated that carbon requirements increase from 12.9 mg C h -1 g -1 MLSS to 48.3 mg C h -1 g -1 MLSS in the case of sludge with high and low proportions of Accumulibacter and Competibacter, respectively. In our research these values were quite similar -11 and 32 mg C h -1 g -1 MLSS during the first and second phase of the experiment, respectively. This coincides with the percentages of Accumulibacter in an overall community of PAOs and GAOs, expressed as R-PAO/(R-PAO + GB-GAO + DvGAOs), equal to 93% and 13% before and after EBPR deterioration, respectively.
Microbial community structure
The total microbial community structure in the first phase of the SBR operation was distinctly different from the microbial composition of the deteriorated sludge. At first, the percentages of Betaproteobacteria (18%), Gammaproteobacteria (2.6%) and Actinobacteria (11%) in the total biovolume of the SBR sludge were in the range reported by Seviour and Nielsen [55] for full-scale WWTPs (6-24%, 2-13% and 7-23%, respectively). Accumulibacter and Competibacter were found to be 6.6% and 0.5% of the total bacteria, respectively. These are within the ranges reported by Gu et al. [53] for full-scale plants in the United States (5-15 and 0-15%, respectively) and presented by López-Vázquez et al. [56] for full-scale plants in the Netherlands (5.7-16 and 0.4-3.2%, respectively). The SBR was seeded with the sludge from the local UCT WWTP so the microbial composition in the first phase should reflect the community structure of this full-scale plant. The abundance of Alphaproteobacteria (1.8%) was lower than the values (9-66%) presented by Seviour and Nielsen [55] but within the range (0-15%) reported by Gu et al. [53] . A marked increase in the abundance of Gammaproteobacteria and Alphaproteobacteria was observed after the deterioration of the SBR. The Betaproteobacteria percentage did not change, but a dramatic decrease (from 6.6 to 2.2%) of R-PAOs took place. Furthermore, Competibacter, initially hardly detected, now accounted for nearly 9% of all bacteria in the deteriorated sludge. Clusters 1 and 2 of Dv-GAOs formed a significant portion of Alphaproteobacteria (35% and 27%, respectively), whereas neither of them were found during the efficient performance of the SBR. All these changes were associated with the clear shift from the PAO phenotype to the GAO phenotype. Wong et al. [12] suggested that Defluviicoccus vanus Cluster 1 (61% of total cells) was responsible for the deterioration of an acetate-fed anaerobic-aerobic membrane reactor, which was dominated by Alphaproteobacteria (85% of total cells) despite a quite low TOC/P ratio of 10. Deterioration of two lab-scale SBRs, configured for enrichment of PAOs, was linked to the extensive proliferation (51 and 55% of all bacteria) of Defluviicoccus vanus Cluster 2 [11] . Dv-GAOs are potentially stronger competitors for PAOs than GB-GAOs, because under anaerobic conditions they may take up glucose and pyruvate and switch between acetate and propionate uptake without acclimation [27, 48] . Competibacter, enriched with acetate, is almost unable to readily assimilate propionate [31] .
SBR configuration and lab-scale conditions
In the majority of lab-scale experiments, SBRs with 6 h cycles were used to enrich either PAOs or GAOs [2, 11, 12, 15, 27, 28, [30] [31] [32] [33] 49, 53] .
A typical cycle comprised an anaerobic period (90-140 min), an aerobic period (150-220 min), settling and decantation. In the current study we applied a similar pattern, with a 90 min anaerobic period and a 225 min aerobic period. SRT (8-11 d) and HRT (12 h) were in the range reported in the research cited above. The SBR was operated with successful EBPR for 40 days and during the anaerobic period the sludge demonstrated a typical PAO phenotype with high P i release and DOC uptake. Soluble organic substances were almost thoroughly consumed within the first 90 minutes, with the remaining DOC probably comprising soluble microbial products and/or hardly biodegradable organics contained in the complex feed. Residual TOC after anaerobic uptake was also detected by Wong et al. [12] in a membrane anaerobic-aerobic reactor fed with acetate.
Despite providing all prerequisites for EBPR and maintaining the same operational conditions throughout the experiment, failure of the lab-scale SBR occurred within the current study in the period following the stable P removal. Other authors have also shown that EBPR cannot be achieved even with optimal conditions in lab-scale reactors. Nielsen et al. [10] operated a labscale SBR for PAO enrichment but the reactor failed to completely remove P. The collapse was probably caused by the enrichment of GB-GAOs, despite the low ratio C/P=12.5 in the feed. Bond et al. [36] carried out long-term research in a lab-scale SBR under conditions known to select for PAOs, however a stable non-EBPR performance of the SBR occurred and the sludge was dominated by GAOs. Oehmen et al. [33] observed unpredictable P removal disturbance in a SBR fed with acetate and with a COD/P ratio of 15, optimal to enrich PAOs. No changes to the reactor operation were made but a rapid transition from the PAO to GAO phenotype was observed, similar to our study. Satoh et al. [6] could not give a clear explanation of why some of the nine lab-scale reactors that were operated under similar conditions, favourable for EBPR, presented deterioration patterns while others did not. EBPR activity deteriorated for some unknown reason in all five labscale SBRs that were fed by Fukushima et al. [2] with different carbon sources and run without operational changes or errors. A laboratory SBR, operated for 204 days by Okunuki et al. [5] , exhibited excellent P removal. However, EBPR activity suddenly deteriorated and then reappeared after about 80 days without any change in operational conditions. The authors suggested that R-PAOs and actinobacterial PAOs (T-PAOs) contributed to EBPR positively before and after the deterioration period, respectively, while Alphaproteobacteria were related to the EBPR failure [5, 57] . In our study the abundance of R-PAOs and Actinobacteria before the reactor deterioration was three times and twice as great, respectively, as after the EBPR failure. However, not all Actinobacteria detected in the current study should be considered as T-PAOs and additional oligonucleotide probes should have been used to resolve it [18] .
Different responses may occur in similar environments, especially in lab-scale systems, where both species richness and functional diversity is far lower than in full-scale WWTPs [23] . According to nonlinear dynamics theory, two lab-scale bioreactors that are run under identical external conditions will almost never operate at the same single operating point [24] . Flowers et al. [52] carried out research in two labscale acetate-fed SBRs under essentially the same operational parameters. Both reactors achieved equally high P removal efficiency, however one of the SBRs was dominated by clade IA of Accumulibacter while the other one by clade IIA. The authors could not explain why the reactors exhibited such different Accumulibacter composition despite identical operational conditions.
Microbial diversity and EBPR stability
In lab-scale systems run under artificially controlled conditions and fed with synthetic wastewater, bacteria experience selective pressures are markedly different to those encountered in full-scale systems. Well-defined operational conditions reduce the number of ecological niches available to bacteria. He et al. [15] investigated two lab-scale SBRs fed with acetate and nine full-scale EBPR plants. The SBRs were inoculated with sludge originated from the full-scale plants. Only two clades of Accumulibacter were detected after 10 months and 2 years in the lab-scale SBRs, whereas in each full-scale WWTP at least three clades were present. The authors suggested that a strong selective force in the lab-scale SBRs, used to enrich Accumulibacter, outcompeted not only non-PAOs but also other Accumulibacter clades. This shows that higher complexity and temporal fluctuations in wastewater composition and operational conditions in full-scale EBPR systems create more niches for closely related bacterial groups. Certain variation in parameters ensures higher functional redundancy and a more stable and resilient community [23, 26] . Short-time changes in wastewater composition in full-scale systems ensure the carbon flow to different functional groups [19, 24] . According to the "redundancy and insurance" hypothesis, ecological functions of different bacteria may overlap. Stability of the system may thus persist even if some species are eliminated, because others will back up their function [23, 58] . Diversity increases the likelihood of renewal and reorganisation, elimination of redundant species does not mean the loss of function. Full-scale systems, with higher community evenness, can potentially deal with environmental perturbations and preserve functionality. In contrast, specialized communities in lab-scale systems, like highly enriched cultures with full control of parameters, have unrealistic low diversity and are unrepresentative of full-scale communities. These highly uneven communities, with dominance by one or few species, are extremely fragile to environmental stress. Such communities depend strongly on the dominant species and deterioration may require longer recovery time [58, 59] .
In full-scale EBPR WWTPs there is a wide diversity of microorganisms, because different bacteria can carry out different processes under fluctuating conditions typical for full-scale systems. In the current study, before the SBR deterioration, we were able to identify only about 40% of all bacteria, whereas 66% of microbes was covered by the oligonucleotide in the deteriorated sludge. It can be assumed, that the microbial community in the first phase of the experiment was more diverse than after the EBPR collapse. Similarly, Wong et al. [60] could identify only 30-60% of the bacterial populations in full-scale Japanese EBPR systems. The community structure was more complex than in lab-scale reactors fed with synthetic sewage. The authors concluded that the role of R-PAOs in EBPR in full-scale processes seems to be less important than in lab-scale reactors and other non-R-PAOs may also be involved in EBPR activity. Beer et al. [61] examined sludge samples from nine full-scale EBPR plants in Australia and found out that, probably due to the complexity of substrate in the sewage, the composition of the microbial communities in full-scale WWTPs were different to those seen in lab-scale reactors fed with artificial wastewater. Furthermore, the significance of other bacterial groups, essential for PAO-GAO competition, in full-scale EBPR systems is highly questionable. Dv-GAOs, which were present in significant numbers in the deteriorated biomass of the SBR operated in the present study, are mostly detected in lab-scale reactors [4] . However, their presence in WWTPs treating industrial wastewater suggests they may have a potential role in wastewater treatment [48] .
Conclusions
Changes in composition and/or function of the activated sludge community may contribute to EBPR process failure. Selection for PAOs does not always ensure an efficient EBPR process even in lab-scale reactors. Despite all prerequisites for EBPR being provided and the same operational conditions being maintained throughout the experiment, a PAO community can be harmed or disadvantaged in a way that is difficult to explain.
Studies carried out in lab-scale conditions with highly enriched cultures of PAOs (or GAOs) are of great importance for understanding the physiology and the phenotype of given bacteria. However, operational strategies based on the results of labscale experiments rarely work out outside lab-scale reactors. Some bacterial groups are detected mainly in lab-scale reactors and their significance in fullscale EBPR systems is therefore questionable. Using the microbiological knowledge of activated sludge community structure and functions, obtained from lab-scale studies, in order to design and/or operate full-scale WWTPs for stimulating PAO enrichment can be misleading. It seems reasonable that reliable conclusions, guidelines and instructions for successful operating EBPR systems can be developed on the basis of research conducted in full-scale systems.
